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 要  旨 
プロセッサの性能向上は今なお求められており，更なる処理性能向上にはプロセッサアーキテ
クチャの改善が必要である．プロセッサアーキテクチャの研究ではアイディアの検証はソフトウ
ェアシミュレーションによって行われることが多い．しかしながら，回路規模の増大や処理の複
雑化によって評価にかかる時間が増大するという問題が顕在化している． 
そこで注目すべき解決策が，Field Programmable Gate Array(FPGA) を用いたエミュレーシ
ョン方法である．FPGA はハードウェアチップを設計するより，簡単に所望の回路を実現するこ
とができ，かつハードウェアの動作をソフトウェアよりも高速に模倣させることができる．また，
何度でも内容を変更・修正できるため，動作確認のテストを容易に行うことができる．このため
FPGA を用いたアーキテクチャ研究の高速化は有用な手段の一つと考えられる． 
そこで本論文では ARM の ISA をベースとするカスタムプロセッサ構築用 FPGA プラットフォ
ームを独自に実現することを最終的な目的として，プロセッサを独自に実装し，動作検証と評価
を行う． 
本稿ではカスタムプロセッサ構築用FPGA プラットフォームの実現を最終的な目的として
FPGAプラットフォームの実装と評価を行った．第一に，設計したプロセッサが想定通りに実装
できていることを検証した．第二に，様々なプログラムに対してプロセッサが動作可能であるこ
とを確認した．第三に，シリアル通信でプロセッサのメモリにアクセスする機構を追加実装した．
第四に，PCIe 通信でプロセッサの性能評価指数を出力する機構を追加実装した．最後に，シミ
ュレータとFPGAで，プロセッサの検証にかかる実行時間を比較した． 
これらの検証結果からFPGA による拡張性，高速動作性を確認し，カスタムプロセッサ構築用
FPGAプラットフォームとして有用であることを確認した．加えて今後の研究の方向性として提
案システムの改善点をまとめた． 
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???? 4.4??????????????????????????? 4.1.11????????
????? [2d1a?dc2?11b?e4?36?61?e]???????????????????????
????????????????? 4.1.10????????????????????? 4.1.12
??????????? char????? 34????????????????????????
??????????????????????????????????????? Fibonacci
?????????????????????????
? 4.1.10: Fibonacci??????????
?????? 4.4: Fibonacci
1 #include <stdio.h>
2 int main(void)f
3 int a,b=0,c=1,i;
4 for(i=1;i<=10;i++)f
5 printf("%d\n", b);
6 a = b+c;
7 b = c;
8 c = a;g
9 return 0;g
17
? 4.1.11: Fibonacci?????
? 4.1.12: Fibonacci?????
18
FizzBuzz
FizzBuzz? 15????????3???? Fizz? 5???? Buzz? 15???? FizzBuzz?
?????????????FizzBuzz? ISE???????????? 4.1.13????????
??????? 4.5????????? 4.1.14??????????? 4.1.15????
??? 4.1.13?????1?2?Fizz???13?14?Fizz,Buzz????????????????
???? 4.5??????????????????????????? 4.1.14???????
?????? [a7c1?50bf?c4c?e0f?48?51c?93]????????????????????
???????????????????? 4.1.13????????????????????
? 4.1.15??????????? char????? Fizz,Buzz????????????????
????????????????????????????????????????????
??? FizzBuzz?????????????????????????
? 4.1.13: FizzBuzz??????????
?????? 4.5: FizzBuzz
1 #include <stdio.h>
2 int main(void)f
3 int i;
4 for (i = 1; i <= 15; i++) f
5 if (i % 3 == 0 && i % 5 == 0)
6 printf("Fizz,Buzz\n");
7 else if (i % 3 == 0)
8 printf("Fizz\n");
9 else if (i % 5 == 0)
10 printf("Buzz\n");
11 else
12 printf("%d\n", i);g
13 return 0;g
19
? 4.1.14: FizzBuzz?????
? 4.1.15: FizzBuzz?????
20
Sort
Sort????????????????????????????????????????
???????Sort? ISE???????????? 4.1.16??????????????? 4.6
????????? 4.1.17?????????? 4.1.18????
??? 4.1.16?????80?5?36???9?1?78????????1?5?9???78?80?100
???????????????????? 4.6??????????????????????
????? 4.1.17????????????? [fd99?83ed?17de?47ab?94?8e7?102]???
????????????????????????????????????? 4.1.16???
?????????????????? 4.1.18??????????? char????? 80???
???????????????????????????????????????????
????????????????? Sort?????????????????????????
? 4.1.16: Sort??????????
?????? 4.6: Sort
1 #include <stdio.h>
2 int main()f
3 int data[MAX] = f 80,5,36,23,12,100,45,9,1,78 g;
4 int n,i,w;
5 for ( i=0; i<MAX; i++ )f
6 printf("%d,",data[i]); g
7 printf("\n");
8 for ( n=MAX; n>1; n   )f
9 for ( i=0; i<n 1; i++ )f
10 if ( data[i]>data[i+1] )f
11 w=data[i];
12 data[i]=data[i+1];
13 data[i+1]=w;ggg
14 for ( i=0; i<10; i++ )f
15 printf("%d,",data[i]);g
16 printf("\n");g
21
? 4.1.17: Sort?????
? 4.1.18: Sort?????
22
Sosu
Sosu??????????? 50???????????????????Sosu??????
???????? 4.7??ISE????????????? 4.1.19????????? 4.1.20??
????????? 4.1.21????
??? 4.1.19?????2?3?5?7??41?43?47???????????????????
? 4.7??????????????????????????? 4.1.20???????????
?? [c913?6eb4?1364?15ea?6b?6b4?e2]???????????????????????
????????????????? 4.1.19????????????????????? 4.1.21
??????????? char????? 4????????????????????????
???????????????????????????????????????? Sosu?
????????????????????????
? 4.1.19: Sosu??????????
?????? 4.7: Sosu
1 #include <stdio.h>
2 #include <math.h>
3 #define NUM 50
4 int main(void)f
5 unsigned i, j;
6 unsigned sq num = (int)sqrt((double)NUM);
7 unsigned prime[NUM];
8 for (i = 0; i < NUM; i++)
9 prime[i] = 1;
10 prime[0] = 0;
11 for (i = 1; i < sq num; i++) f
12 if (prime[i] == 1)
13 for (j = (i+1); (i+1)  j <= NUM; j++)
14 prime[(i+1)  j   1] = 0;g
15 for (i = 0; i < NUM; i++)
16 if (prime[i] == 1)
17 printf("%3d", i + 1);
18 putchar('\n');
19 return (0);g
23
? 4.1.20: Sosu?????
? 4.1.21: Sosu?????
24
Himeno
Himeno?????????????? (5? 5? 9)????????????????Himeno
? ISE????????????? 4.1.22????????? 4.1.23???????????
4.1.24????Himeno????????????????????????
??? 4.1.19?????mimax=5 mjmax=5 mkmax=9 ? Process end???????????
????????? 5.1??????????????????????????? 4.1.20??
??????????? [d12a9?cc186?4aecb?5c305?446?8b43?1c8]??????????
?????????????????????????????? 4.1.19??????????
??????????? 4.1.21??????????? char????? Process end??????
???????????????????????????????????????????
?????????????? Himeno?????????????????????????
? 4.1.22: Himeno??????????
25
? 4.1.23: Himeno?????
? 4.1.24: Himeno?????
26
4.2 ????????????????
??????????????????????????????????????????
??????????????????????????????????????????
? 4.2.1??? 4.2.8??????????????????????????????????
???????????????????????????????????????????
??????????
??????????????????????????????????????????
???????????????????????????????????????????
????????????????????????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
????????
? 4.2.1: Hillo?????????
? 4.2.2: Gusu?????????
27
? 4.2.3: Foradd?????????
? 4.2.4: Fibonacci?????????
28
? 4.2.5: FizzBuzz?????????
? 4.2.6: Sort?????????
29
? 4.2.7: Sosu?????????
? 4.2.8: Himeno?????????
30
4.3 PCIe?????????????
???? PCIe????????????????????????????????????
????????????????????PCIe?????????????????? ISE14.7
??????????????????????????????? 4.3.1??? 4.3.8????
???????????????????
?????????? PCIe?????? ISE14.7????????????????????
??????????????????????? PCIe??????????????????
???????????????????????????????????????????
???????????????????????????????????????????
??????????????????????????????????? PCIe??????
??????????????????????????????????? 4.1??????
? 4.1: PCIe??????
??? ????
0 ????????
1?2 ???????
3?4 ???????  ????????????
5?6 ARM?????
7 ???????/????
8 ???????/???
9 ?????????/????
10 ????????/???
13 ?????????
14 ?????? on/o
15 ??????????
31
? 4.3.1: PCIe??/Hillo ? 4.3.2: PCIe??/Gusu
? 4.3.3: PCIe??/Foradd ? 4.3.4: PCIe??/Fibonacci
32
? 4.3.5: PCIe??/FizzBuzz ? 4.3.6: PCIe??/Sort
? 4.3.7: PCIe??/Sosu ? 4.3.8: PCIe??/Himeno
33
4.4 ????
????????? FPGA??????????????????????????????
??????????????????????????????????????? 4.2???
? 4.2: ?????????????
????? BRAM LUTs Registers
Processor 5MHz 63% 34% 6%
Serial 10MHz 1% 1% 1%
PCIe 100MHz 3% 1% 1%
????????????????????????????????????????
??????????????????????????????????????????
??? FPGA??????????????????????
???? T [s] = ?????
??????????? [Hz]
???????????? PCIe?????????????????????????????
??? 5[MHz]??????FPGA?????????????
???? T [s] =?????  200[ns]
???????????????????????????????????OSIM????
????????????????????????????? OSIM???????????
????????????? FPGA????? OSIM?????? 4.3????
? 4.3: ??????
?????? FPGA[ms] OSIM[ms]
Hillo 1.86 35500
Gusu 27.40 36335
Foradd 2.31 35562
Fibonacci 6.50 36651
FizzBuzz 8.59 37133
Sort 13.0 36674
Sosu 10.3 36841
Himeno 171 48206
?????? FPGA??????OSIM???????????? 282????? 19086???
????????????????????? FPGA???????????????? 5[MHz]
????????????? 24.639[MHz]??????????????????? 5????
??????
34
?5? ??
5.1 ???????
???????????????? FPGA????????????????????? FPGA
???????????????????????????????????????????
? ARM???????????
????XIlinx Design Suite14.7?????????? ISim???????????????
????????????????????????
???????????????????????????????????????????
???????????????????????????????????????????
????????????????????
??????????????????????????????????????????
????????????????? FPGA???????????????????????
????????????????
???????????????? PCIe????????????????????????
?????????????????????????????
????FPGA???????????????????????????????????
?????? FPGA??????????????????????????????????
???????????????????????????????????????????
????FPGA?????????????????????????????????????
???????????????????? FPGA?????????????????????
?????????? FPGA?????????????????????????????
???????????????????????????????????????????
???????????????
35
5.2 ?????
??????????? FPGA????????????????????????????
???????????????????????????????????????????
?????????????????????????????????? PCIe???????
???????????????????????????????????????????
????????????????????????????????????? PCIe????
?????????????????????
????PCIe? IPcore????????????????????????????????
??????????????????????FPGA??????????????????
??????????????????? IP???????????????????????
?????????????????
??????????? FPGA????????????????????????????
???????????????????????????????????????????
??????
????????????????????
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??????????????????????????????????????????
???????????????????????????????????????????
??????????
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??
?????? 5.1: Himeno
1 #include <stdio.h>
2 #define MIMAX 9
3 #define MJMAX 9
4 #define MKMAX 17
5
6 double second();
7 float jacobi();
8 void initmt();
9 double op(int,int,int);
10 double mflops(int,double,double);
11
12 static float p[MIMAX][MJMAX][MKMAX];
13 static float a[4][MIMAX][MJMAX][MKMAX],
14 b[3][MIMAX][MJMAX][MKMAX],
15 c[3][MIMAX][MJMAX][MKMAX];
16 static float bnd[MIMAX][MJMAX][MKMAX];
17 static float wrk1[MIMAX][MJMAX][MKMAX],
18 wrk2[MIMAX][MJMAX][MKMAX];
19
20 static int imax, jmax, kmax;
21 static float omega;
22
23 int main()f
24 int i,j,k,nn;
25 float gosa;
26 double cpu,cpu0,cpu1,flop,target;
27
28 target= 60.0;
29 omega= 0.8;
30 imax = MIMAX 1;
31 jmax = MJMAX 1;
32 kmax = MKMAX 1;
33
34 /
35  Initializing matrixes
36 /
37 initmt();
38 printf("mimax = %d mjmax = %d mkmax = %d\n",MIMAX, MJMAX, MKMAX);
39 printf("imax = %d jmax = %d kmax =%d\n",imax,jmax,kmax);
40
40
41 nn= 10;
42 printf(" Start rehearsal measurement process.\n");
43 printf(" Measure the performance in %d times.\n\n",nn);
44
45 gosa= jacobi(nn);
46 flop= op(imax,jmax,kmax);
47
48 printf("measurement process end\n");
49 return (0);g
50
51 void initmt()f
52 int i,j,k;
53
54 for (i=0 ; i<MIMAX ; i++)
55 for (j=0 ; j<MJMAX ; j++)
56 for (k=0 ; k<MKMAX ; k++)f
57 a[0][i][j][k]=0.0;
58 a[1][i][j][k]=0.0;
59 a[2][i][j][k]=0.0;
60 a[3][i][j][k]=0.0;
61 b[0][i][j][k]=0.0;
62 b[1][i][j][k]=0.0;
63 b[2][i][j][k]=0.0;
64 c[0][i][j][k]=0.0;
65 c[1][i][j][k]=0.0;
66 c[2][i][j][k]=0.0;
67 p[i][j][k]=0.0;
68 wrk1[i][j][k]=0.0;
69 bnd[i][j][k]=0.0;g
70
71 for (i=0 ; i<imax ; i++)
72 for (j=0 ; j<jmax ; j++)
73 for (k=0 ; k<kmax ; k++)f
74 a[0][i][j][k]=1.0;
75 a[1][i][j][k]=1.0;
76 a[2][i][j][k]=1.0;
77 a[3][i][j][k]=1.0/6.0;
78 b[0][i][j][k]=0.0;
79 b[1][i][j][k]=0.0;
80 b[2][i][j][k]=0.0;
81 c[0][i][j][k]=1.0;
82 c[1][i][j][k]=1.0;
83 c[2][i][j][k]=1.0;
84 p[i][j][k]=(float)(ii)/(float)((imax 1)(imax 1));
85 wrk1[i][j][k]=0.0;
86 bnd[i][j][k]=1.0;
87 gg
88
89 float jacobi(int nn)f
90 int i,j,k,n;
41
91 float gosa, s0, ss;
92
93 for (n=0 ; n<nn ; ++n)f
94 gosa = 0.0;
95
96 for (i=1 ; i<imax 1 ; i++)
97 for (j=1 ; j<jmax 1 ; j++)
98 for (k=1 ; k<kmax 1 ; k++)f
99 s0 = a[0][i][j][k]  p[i+1][j ][k ]
100 + a[1][i][j][k]  p[i ][j+1][k ]
101 + a[2][i][j][k]  p[i ][j ][k+1]
102 + b[0][i][j][k]  ( p[i+1][j+1][k ]   p[i+1][j 1][k ]
103   p[i 1][j+1][k ] + p[i 1][j 1][k ] )
104 + b[1][i][j][k]  ( p[i ][j+1][k+1]   p[i ][j 1][k+1]
105   p[i ][j+1][k 1] + p[i ][j 1][k 1] )
106 + b[2][i][j][k]  ( p[i+1][j ][k+1]   p[i 1][j ][k+1]
107   p[i+1][j ][k 1] + p[i 1][j ][k 1] )
108 + c[0][i][j][k]  p[i 1][j ][k ]
109 + c[1][i][j][k]  p[i ][j 1][k ]
110 + c[2][i][j][k]  p[i ][j ][k 1]
111 + wrk1[i][j][k];
112
113 ss = ( s0  a[3][i][j][k]   p[i][j][k] )  bnd[i][j][k];
114
115 gosa+= ssss;
116 wrk2[i][j][k] = p[i][j][k] + omega  ss;
117 g
118 for (i=1 ; i<imax 1 ; ++i)
119 for (j=1 ; j<jmax 1 ; ++j)
120 for (k=1 ; k<kmax 1 ; ++k)
121 p[i][j][k] = wrk2[i][j][k];
122 g / end n loop /
123 return(gosa);
124 g
125
126 double op(int mx,int my, int mz)f
127 return((double)(mz 2)(double)(my 2)(double)(mx 2)34.0);
128 g
42
